Temperature is a primary factor affecting the rate of plant development. Warmer temperatures expected with climate change and the potential for more extreme temperature events will impact plant productivity. Pollination is one of the most sensitive phenological stages to temperature extremes across all species and during this developmental stage temperature extremes would greatly affect production. Few adaptation strategies are available to cope with temperature extremes at this developmental stage other than to select for plants which shed pollen during the cooler periods of the day or are indeterminate so flowering occurs over a longer period of the growing season. In controlled environment studies, warm temperatures increased the rate of phenological development; however, there was no effect on leaf area or vegetative biomass compared to normal temperatures. The major impact of warmer temperatures was during the reproductive stage of development and in all cases grain yield in maize was significantly reduced by as much as 80 À 90% from a normal temperature regime. Temperature effects are increased by water deficits and excess soil water demonstrating that understanding the interaction of temperature and water will be needed to develop more effective adaptation strategies to offset the impacts of greater temperature extreme events associated with a changing climate.
Introduction
Rate of plant growth and development is dependent upon the temperature surrounding the plant and each species has a specific temperature range represented by a minimum, maximum, and optimum. These values were summarized by Hatfield et al. (2008 for a number of different species typical of grain and fruit production. The expected changes in temperature over the next 30 À 50 years are predicted to be in the range of 2 À 3°C Intergovernmental Panel Climate Change (IPCC) (2007) . Heat waves or extreme temperature events are projected to become more intense, more frequent, and last longer than what is being currently been observed in recent years (Meehl et al., 2007) . Extreme temperature events may have short-term durations of a few days with temperature increases of over 5°C above the normal temperatures. Extreme events occurring during the summer period would have the most dramatic impact on plant productivity; however, there has been little research conducted to document these effects as found by Kumudini et al. (2014) . A recent review by Barlow et al. (2015) on the effect of temperature extremes, frost and heat, in wheat (Triticum aestivum L.) revealed that frost caused sterility and abortion of formed grains while excessive heat caused reduction in grain number and reduced duration of the grainfilling period. Analysis by Meehl et al. (2007) revealed that daily minimum temperatures will increase more rapidly than daily maximum temperatures leading to the increase in the daily mean temperatures and a greater likelihood of extreme events and these changes could have detrimental effects on grain yield. If these changes in temperature are expected to occur over the next 30 years then understanding the potential impacts on plant growth and development will help develop adaptation strategies to offset these impacts.
Temperature responses
Responses to temperature differ among crop species throughout their life cycle and are primarily the phenological responses, i.e., stages of plant development. For each species, a defined range of maximum and minimum temperatures form the boundaries of observable growth. Vegetative development (node and leaf appearance rate) increases as temperatures rise to the species optimum level. For most plant species, vegetative development usually has a higher optimum temperature than for reproductive development. Cardinal temperature values for selected annual (nonperennial) crops are given in Hatfield et al. (2008 for different species. If we depict the range of temperatures in the following diagram (Fig. 1) example, an extreme event for maize (Zea mays L.) will be warmer than for a cool season vegetable (broccoli, Brassica oleracea L.) where the maximum temperature for growth is 25°C compared to 38°C. In understanding extreme events and their impact on plants we will have to consider the plant temperature response relative to the meteorological temperature.
Faster development of non-perennial crops results in a shorter life cycle resulting in smaller plants, shorter reproductive duration, and lower yield potential. Temperatures which would be considered extreme and fall below or above specific thresholds at critical times during development can significantly impact productivity. Photoperiod sensitive crops, e.g., soybean, would also interact with temperature causing a disruption in phenological development. In general, extreme high temperatures during the reproductive stage will affect pollen viability, fertilization, and grain or fruit formation (Hatfield et al., 2008 . Chronic exposures to extreme temperatures during the pollination stage of initial grain or fruit set will reduce yield potential. However, acute exposure to extreme events may be most detrimental during the reproductive stages of development.
The impacts of climate change are most evident in crop productivity because this parameter represents the component of greatest concern to producers, as well as consumers. Changes in the length of the growth cycle are of little consequence as long as the crop yield remains relatively consistent. Yield responses to temperature vary among species based on the crop's cardinal temperature requirements. Warming temperatures associated with climate change will affect plant growth and development along with crop yield.
Temperature extremes in climate
One of the more susceptible phenological stages to high temperatures is the pollination stage. Maize pollen viability decreases with exposure to temperatures above 35°C (Herrero and Johnson, 1980; Schoper et al., 1987; Dupuis and Dumas, 1990) . The effect of temperature is enhanced under high vapor pressure deficits because pollen viability (prior to silk reception) is a function of pollen moisture content which is strongly dependent on vapor pressure deficit (Fonseca and Westgate, 2005) . During the endosperm division phase, as temperatures increased to 35°C from 30°C the potential kernel growth rate was reduced along with final kernel size, even after the plants were returned to 30°C (Jones et al., 1984) . Exposure to temperatures above 30°C damaged cell division and amyloplast replication in maize kernels which reduced the size of the grain sink and ultimately yield (Commuri and Jones, 2001) . Rice (Orzya sativa L.) shows a similar temperature response to maize because pollen viability and production declines as daytime maximum temperature (T max ) exceeds 33°C and ceases when T max exceeds 40°C (Kim et al., 1996) . Current cultivars of rice flower near mid-day which makes Tmax a good indicator of heat-stress on spikelet sterility. These exposure times occur quickly after anthesis and exposure to temperatures above 33°C within 1 À 3 h after anthesis (dehiscence of the anther, shedding of pollen, germination of pollen grains on stigma, and elongation of pollen tubes) cause negative impacts on reproduction (Satake and Yoshida, 1978) . Current observations in rice reveal that anthesis occurs between about 9 to 11 am in rice (Prasad et al., 2006b ) and exposure to high temperatures may already be occurring and will increase in the future. There is emerging evidence that differences exist among rice cultivars for flowering times during the day (Sheehy et al., 2005) . Given the negative impacts of high temperatures on pollen viability, recent observations from Shah et al. (2011) suggest flowering at cooler times of the day would be beneficial to rice grown in warm environments. They proposed that variation in flowering times during the day would be a valuable phenotypic marker for high-temperature tolerance. As daytime temperatures increased from 30 to 35°C, seed set on male-sterile, female fertile soybean (Glycine max (L.) Merr.) plants decreased (Wiebbecke et al., 2012) . This confirms earlier observations on partially male-sterile soybean in which complete sterility was observed when the daytime temperatures exceeded 35°C regardless of the night temperatures and concluded that daytime temperatures were the primary factor affecting pod set Caviness and Fagala (1973) . Crop sensitivity to temperature extremes depends upon the length of anthesis. Maize, for example, has a highly compressed phase of anthesis for 3 À 5 days, while rice, sorghum (Sorghum bicolor L. Moench.) and other small grains may extend anthesis over a period of a week or more. Inn soybean, peanut (Arachis hypogaea L.), and cotton (Gossypium hirsutum L.) anthesis occurs over several weeks and avoid a single occurrence of an extreme event affecting all of the pollening flowers. For peanut (and potentially other legumes) the sensitivity to elevated temperature for a given flower, extends from 6 days prior to opening (pollen cell division and formation) up through the day of anthesis (Prasad et al., 2001) . Therefore, several days of elevated temperature may affect fertility of flowers in their formative 6-day phase or anthesis. Singh et al. (2015) found differences in the threshold temperature for grain sorghum among genotypes and differences in the percentage of seed set in response to high temperatures. Pollination processes in other cereals, maize and sorghum, may have a similar sensitivity to elevated daytime temperature as rice. Rice and sorghum have exhibited similar sensitivities of grain yield, seed harvest index, pollen viability, and success in grain formation in which pollen viability and percent fertility is first reduced at instantaneous hourly air temperature above 33°C and reaches zero at 40°C (Kim et al., 1996; Prasad et al., 2006a Prasad et al., , 2006b . Diurnal max/min day/ night temperatures of 40/30°C (35°C mean) cause zero yield for those two species with the same expected response for maize.
Annual crops
Projected air temperature increases throughout the remainder of the 21 st century suggests that grain yields will continue to decrease for the major crops because of the increase temperature stress on all major grain crops . Beyond a certain point, higher air temperatures adversely affect plant growth, pollination, and reproductive processes (Klein et al., 2007; Sacks and Kucharik, 2011) . However, as air temperatures rise beyond the optimum, instead of falling at a rate commensurate with the temperature increase, crop yield losses accelerate. For example, an analysis by Schlenker and Roberts (2009) indicated yield growth for corn, soybean, and cotton would gradually increase with temperatures up to 29°C to 32°C and then sharply decrease with temperature increases beyond this threshold. Increases of temperature may cause yield declines between 2.5% and 10% across a number of agronomic species throughout the 21 st century . Other evaluations of temperature on crop yield have produced varying outcomes. Lobell et al. (2011) showed estimates of yield decline between 3.8% and 5%; and Schlenker and Roberts (2009) used a statistical approach to estimate wheat, corn, and cotton yield declines of 36% to 40% under a low CO 2 emissions scenario, and between 63% to 70% for high CO 2 emission scenarios. These estimates of yield loss did not consider the positive effects of rising atmospheric CO 2 on crop growth, variation among crop genetics, impact of biotic stresses on crop growth and yield, or the use of adaptive management strategies, e.g., fertilizers, rotations, tillage, or irrigation. These analyses assumed that air temperature increased without regard to the potential negative effects of temperature extremes. The current evaluations of the impact of changing temperature have focused on the effect of average air temperature changes; however, increases in minimum air temperature may be more significant in their effect on growth and phenology . Minimum air temperatures are more likely to increase under climate change (Knowles et al., 2006) . While maximum temperatures are affected by local conditions, especially soil water content and evaporative heat loss as soil water evaporates (Alfaro et al., 2006) , minimum air temperatures are affected by mesoscale changes in atmospheric water vapor content. Hence, in areas where changing climate is expected to cause increased rainfall or where irrigation is predominant, large increases of maximum temperatures are less likely to occur than in regions prone to drought. Minimum air temperatures affect nighttime plant respiration rates and can potentially reduce biomass accumulation and crop yield . Welch et al. (2010) found higher minimum temperatures reduced grain yield in rice, while higher maximum temperature raised yields; because the maximum temperature seldom reached the critical optimum temperature for rice. However, under the scenario of future temperatures increases, they found maximum temperatures could decrease yields if they are near the upper threshold limit.
Similar responses have been found in annual specialty crops in which temperature is the major environmental factor affecting production with specific stresses, such as periods of hot days, overall growing season climate, minimum and maximum daily temperatures, and timing of stress in relationship to developmental stages having the greatest effect (Ghosh et al., 2000; Pressman et al., 2002; McKeown et al., 2005; Sønsteby and Heide, 2008; Dufault et al., 2009) . When plants are subjected to mild heat stress (1°C to 4°C above optimal growth temperature), there was moderately reduced yield (Sato, 2006; Timlin et al., 2006; Wagstaffe and Battey, 2006; Tesfaendrias et al., 2010) . In these plants, there was an increased sensitivity heat stress 7 to 15 days before anthesis, coincident with pollen development. Subjecting plants to a more intense heat stress (generally greater than 4°C above optimum) resulted in severe yield loss extending to complete crop failure (Ghosh et al., 2000; Sato et al., 2000; Kadir et al., 2006; Gote and Padghan, 2009; Tesfaendrias et al., 2010) . Tomatoes under heat stress fail to produce viable pollen while their leaves remain active. The non-viable pollen does not pollinate flowers causing failure in fruit set (Sato et al., 2000) . If the same stressed plants are cooled to normal temperatures for 10 days before pollination, and then returned to high heat, they are able to develop fruit. There are some heat tolerant tomatoes which perform better than others related to their ability to successful pollinate even under adverse conditions (Peet et al., 2003; Sato, 2006) .
Perennial crops have a more complex relationship to temperature than annual crops. Many perennial crops have a chilling requirement in which plants must be exposed to a number of hours below some threshold temperature before flowering can occur. For example, chilling hours for apple (Malus domestica Borkh.) range from 400 to 2900 h (5 À 7°C base, Hauagge, 2010) while cherry trees (Prunus avium) require 900 to 1500 h with the same base temperature (Seif and Gruppe, 1985) . Grapes (Vitis vinifera L.) have a lower chilling threshold that other perennial plants with some varieties being as low at 90 h (Reginato et al., 2010) . Increasing winter temperatures may prevent chilling hours from being obtained and projections of warmer winters in California revealed that by mid-21 st century, plants requiring more than 800 h may not be exposed to sufficient cooling except in very small areas of the central Valley (Luedeling et al., 2009) . Climate change will impact the chilling requirements for fruits and nut trees. Hatfield et al. (2014) showed that under a warming climate, adequate chilling hours for perennial crops for fruit development may not be met. Innovative adaptation strategies will be required to overcome this effect because of the long time requirements for genetic selection and fruit production once perennial crops are established. Perennial plants are also susceptible to exposure to increasing temperatures similar to annual plants. These responses and the magnitude of the effects are dependent upon individual species. Exposure to high temperatures, 4 22°C, for apples during reproduction increases the fruit size and soluble solids but decreases firmness as a quality parameter (Warrington et al., 1999) . In cherries, increasing the temperature 3°C above the 15°C optimum mean temperature decreases fruit set (Beppu et al., 2001 ). Optimum temperature range in citrus (Citrus sinensis L. Osbeck) is 22 À 27°C and temperatures greater than 30°C increased fruit drop (Cole and McCloud, 1985) . During fruit development when the temperatures exceed the optimum range of 13 À 27°C with temperatures over 33°C there is a reduction in Brix (sugar content), acid content, and fruit size in citrus (Hutton and Landsberg, 2000) . Temperature stresses on annual and perennial crops have an impact on all phases of plant growth and development.
Exposure of plants to extreme temperatures will limit the ability of the plant to produce fruit due to disruption of the pollination process. The magnitude of this impact varies among species; however, there is a consistent negative impact on plants. One aspect of high temperature extremes often overlooked is the effect of extreme events on the atmospheric water vapor demand. If we plot the saturation vapor pressure (e * ) relative to air temperature we see an exponential increase of e * with temperature Fig. 2 . Saturation vapor pressure relative to air temperature showing the exponential increase in saturation vapor pressure with temperature. (Fig. 2) ), then we see how changing e* would affect the energy balance. An increasing water vapor demand will cause more water to be transpired by the leaf until the water supply becomes limited and the stomatal conductance will decrease leading to a higher leaf temperatures and a reduction in photosynthesis. If the plant is exposed to extreme temperatures, water stress could occur quickly because the plant lacks sufficient capacity to extract water from the soil profile to meet the increased atmospheric demand. The linkages among these parameters have been discussed in detail in a review by Hatfield and Prueger (2011) . The effects of temperature extremes on the plant could be from the combined effect of the warm air temperatures and the increasing atmospheric demand.
The effects of extreme temperature from either acute or chronic exposure can have large impacts on plant growth and development. We report the results of two different studies designed to evaluate the effects of acute and chronic exposure to extreme high temperatures of maize throughout its life cycle.
Experimental procedures
Experiments were conducted in the rhizotron facility located in the National Laboratory for Agriculture and the Environment at Ames, Iowa. This facility was described by Logsdon et al. (2002) where each chamber contains three 1 Â 1 Â 1.5 m deep Monona silt loam (fine-silty, mixed mesic Typic.Hapludoll) soil monoliths. These chambers allow for the control of light intensity, daylength, air temperature, and relative humidity through a computer controlled system programmed to to replicate the average weekly temperatures and daylength for Ames, Iowa from April 1 through October 30. We used the 30 year normal temperatures and the weekly precipitation amounts to simulate these averages. Each soil monolith has a drainage system to allow water to drain through the soil profile. Soil moisture sensors measured the upper 10 cm of the soil profile. In the first experiment, the maize hybrid Northrup King N68B 3111 was planted in with two rows of five plants in each row to simulate a population density of 100,000 plants ha À 1 similar to a typical plant population for maize production in the Midwest. All monolith blocks were treated with the equivalent of 180 kg ha À 1 of nitrogen with all other nutrients provided to be adequate for maize production. Light intensities were set at approximately 1100 mmoles m À 2 PAR. Water was applied to each block weekly to simulate the average amount of precipitation for that week. One block was treated with normal amounts of precipitation, a second block at 1.25 of normal, and the third block at 0.75 of normal to simulate excess and water deficit conditions, respectively. Visual observations were made of plant growth during the season and in one chamber the air temperatures were increased by 5°C for one week at the V6, V12, and pollination stage. The chamber with the high temperature exposures then had minimum temperatures increased by 3°C for the period from the end of pollen shed until maturity of the crop. Numbers of leaves, leaf length and maximum leaf width were measured throughout the growing season to determine phenological development and leaf area. At maturity, each plant was harvested from the soil block and the vegetative biomass and grain amounts determined for each plant and then averaged for the block to determine the production.
In the second experiment, one of the chambers was maintained at the average weekly temperature for Ames throughout the growing season with normal precipitation applied weekly to the monoliths while the second chamber was maintained at 4°C above average throughout the growing season. In this experiment six plants were planted in each row in a monolilth and two rows apart were planted and the thinned at the one-leaf stage to achieve a plant density was 120,000 plants m À 2 . Chambers were calibrated to ensure the same atmospheric water deficit was maintained in each chamber so that the only effect on plant growth would be temperature with no interactions from imposed water deficits. The hybrid, Dekalb RX730, adapted to the Ames environment was used as the experimental hybrid. Weekly measurements were made of the number of leaf collars and leaf tips to record the phenological development on 10 plants in each monolith. Measurements were made of the length and maximum width of each new fully emerged leaf to estimate leaf area by multiplying length Â width Â 0.67 using the procedure described by Hatfield et al. (1976) . These measurements continued until all leaves emerged. At maturity, all plants were harvested for total vegetative biomass and grain yield and individually recorded. This experiment was replicated twice over time with the same hybrid and experimental procedures.
To compare between the stresses imposed on the plants, T-tests between the treatments were used to evaluate the treatment differences which was adequate for this experiment.
Results and discussion
In experiment 1 with extreme temperatures imposed at different stages, there was no difference in phenological development and leaf area was the same among water level treatments and chambers where extreme events were imposed. However, there was a significant difference in the total vegetative dry weights between extreme temperature events ( Table 1) .
The normal precipitation soil water treatment produced the highest biomass and grain yield in both temperature treatments and either deficit water or excess soil water reduced biomass and grain yield in the normal temperature regime (Table 1 ). In the Table 1 Total Vegetative biomass and grain weights for maize exposed to temperature extremes and soil water differences in a controlled environment chamber. chamber with exposure to extreme temperature events there was a significant reduction in biomass and grain yield for any comparable soil water regime. The largest effect of the temperature extremes was found under the conditions of excess water in which biomass and yield were reduced by nearly two-thirds. There was no effect of temperature treatment on phenological development and all plants were at the same stage of development through the pollination stage. Increased night temperatures significantly increased the rate of senescence and maturity was achieved in these plants 15 days earlier than in the normal temperature chamber. The effects of high minimum temperatures increased the rate of senescence and decreased the ability of the plant to efficiently produce grain. The interactions of temperature and soil water content need to be understood in order develop effective adaptation practices for agronomic systems in response to climate extremes.
In experiment 2 where one chamber was maintained at 4°C above normal for the entire growing season there were differences in the phenological development. There was no significant difference in the number of total leaf collars for the different temperature regimes, only the rate of leaf appearance was different. The same response was observed for both experiments (Fig. 3) . In experiment 2, we measured the leaf area on each leaf as it reached maximum size and observed no significant difference in cumulative leaf area between temperature treatments and the same total leaf area was observed for the two experiments (Fig. 4) . The effect of warm temperatures was observed only in the rate of development of the plants until the beginning of the reproductive stage. Similar leaf area and number of leaves produced the same amount of total vegetative biomass with no significant differences in biomass between treatments and experiments (Table 2) . Warm temperatures increased the rate of senescence during grain-fill and reduced final grain yield (Table 2) . Grain production was significantly reduced in the warm chamber in both experiments. The difference in the final yield between the two experiments was that experiment two was terminated at the R5 stage before final maturity because of a failure in the light system in the warm chamber; however, the magnitude of the yield impact was the same between experiments. The warmer temperatures showed the same effect as the previous experiment where the rate of senescence increased. To evaluate the effect of the warmer temperatures we evaluated the number of hours in the life cycle that exceeded 30°C in the period from emergence to tasseling and from tasseling until maturity. In the first cycle, the normal temperature chamber had 2129 total hours between 10 and 30°C with no hours above 30°C while the warm chamber had 1449 h between 10 and 30°C and 233 h above 30°C during the grain-filling period. In the second cycle the normal temperature chamber had 1960 h between 10 and 30°C and 12 above 30°C while the warm temperature chamber had 1628 h between 10 and 30°C and 156 above 30°C. The exposure to higher temperatures during the grain-filling period includes temperatures which were warmer during the night. The effect of increasing minimum temperatures during the reproductive period produced negative impacts on yield. Although the rates of development were faster in the vegetative stage of development the shortening of this period was not detrimental to yield because there was no negative effect on leaf area or biomass because the exposure to temperatures above the optimum is negligible (Fig. 1) . This aspect needs to be evaluated to more completely determine the impact of warmer temperatures during the complete live cycle of plants. The effects of warmer temperatures during the vegetative stage may have less of a negative impact because the temperatures do not exceed the optimum.
Conclusions
Temperature effects on plant growth and development is dependent upon plant species. Under an increasing climate change scenario there is a greater likelihood of air temperatures exceeding the optimum range for many species. Cool season species will have a constrained growing season because of the potential of average temperatures exceeding their range as illustrated by broccoli in Fig. 1 . The temperature response of different species has been evaluated by Prasad et al. (2001 Prasad et al. ( , 2002 Prasad et al. ( , 2003 Prasad et al. ( , 2006a Prasad et al. ( , 2006b Prasad et al. ( , 2008 . The effect of temperature extremes on plant growth and development has not been extensively studied with the major effect during the pollination phase. Exposure of plants to temperature extremes at the onset of the reproductive stage has a major impact on fruit or grain production across all species. One potential strategy to minimize this impact is to select varieties which shed their pollen in the early morning when temperatures are cooler (Shah et al., 2011) . The synthesis by Barlow et al. (2015) on heat shock from high temperatures demonstrates the need to increase our understanding of the impact of temperatures above the threshold on the ability of the plant to set grain and also change the duration of the grain-filling period. The expectation of greater occurrences of temperature extremes will continue to have increasing negative impacts on plant production.
The effects of increased temperature exhibit a larger impact on grain yield than on vegetative growth because of the increased minimum temperatures. These effects are evident in an increased rate of senescence which reduces the ability of the crop to efficiently fill the grain or fruit. Observations in controlled environment studies show that maize grain yield is greatly reduced by above normal temperatures during the grain-filling period. Temperature effects interact with the soil water status which would suggest that variation in precipitation coupled with warm temperatures would increase the negative effects on grain production. These observations and the previous results from the literature suggest that more research needs to be conducted to quantify the interactions between temperature and soil water availability across germplasm within a species and among species to determine potential adaptation strategies to offset negative effects of extreme temperature events.
